Introduction
Recently,m ultimetallica erogelsh ave attracted great attention in heterogeneous catalysis and electrochemical reactions.
[1] Unsupported metallic materials such as aerogels, nanowires, nanotubes, nanoplates, and nanostructured films are of large Multimetallic aerogels have emerged as promising unsupported and high-surface-area metal materials for different applications in heterogeneousc atalysis and electrochemistry,w hich are fabricated using ag elation process characterizedb yt he controlled aggregation of metallic nanoparticles to form amacroscopic network structure in aqueous solution. However,t he achievement of the structural homogeneity of the multimetallic aerogelsi nt erms of the diameter of the nanochains and the chemical compositiona tt he nano-and the macro-scale is still ag reat challenge. In this paper,w ei nvestigated two Pd-Pt aerogelsp repared by the two-step gelation method. The structural homogeneity and chemical distribution of both metals inside the aerogels were analyzed by using high-resolution (scanning) transmission microscopy,e nergy-dispersive X-ray spectroscopy,e xtended X-ray absorption fine structure spectroscopya nd cyclic voltammetry.T he Pd-Pt aerogels show the presenceo fP d/Pt-richd omains inside the long-range framework. It is evident that the initial monometallic features dominate over alloying duringt he gelation process. Although the same synthetic approachf or Pd-Pt aerogelsw ith different atomic ratios was used, we observed that the sizes of these monometallic domains varied strongly between the Pd-rich and Pt-richa erogels. The presence of such metal clusters influenced the electrochemical robustness of the Pd-Pt aerogels dramatically.E lectrochemical durability investigations revealed that the aerogels with ah igh content of Pd are less stable because of the gradual dissolution of the less noble metal particularly inside the Pd-richdomains. Achemical and structural homogeneity might improvet he lifetimeo ft he Pd-Pt aerogels under electrochemical conditions. In this work, we provide ab etter understanding of the structurea nd chemical distribution of the bimetallic aerogel framework prepared by the twostep gelation process.
interestb ecause of their high conductivity,h igh resistance, and catalytic performance for (electro)chemical reactions. [2] Metal aerogelsa re an ew class of unsupported materials with al ow density,h igh porosity,a nd large surface area. The 3D metal framework structure is formed by nanoparticles that are well connected and linked with each other.A saresult of their unique structure, aerogels have the potential to combinet he physicala nd chemical properties of nanomaterials and macroscopic materials. The chemical, physical, and (electro)catalytic properties of multimetallic aerogelsc an be tuned by varying the chemical composition, size, and shape of the nanoparticles that act as building units and the linking to gain al arge surface area and high porosity. [1a, d, k, 3] In the last few years,abroad range of synthetic methods has been developed to design multimetallic aerogelsw ith various chemical compositions, structures, and morphologies. [1b-f, h, 4] In particular,t wo main synthetica pproaches for the preparation of multimetallica erogelsh ave been developed: (i)a spontaneous one-step gelation process [1b-d] and( ii)a twostep gelation process. [1d, e] The gelation process is, generally,described as the connectiona nd linking of nanoparticles to form al ong-range-ordered 3D hydrogel in aqueouss olution as the primary stage fort he preparation of aerogels. During the onestep gelation process, the formation of hydrogel takes place spontaneously.I nc ontrast, in the two-step gelation process, first as table colloidal sol that contains monodisperse nanoparticles is synthesized by the chemical reduction of metal precursor salts, and then the formation of the hydrogel is induced by the destabilizationo ft he colloidal suspension. The drying process or,m ore precisely,t he exchange of the solventf or the transformation of hydrogels into aerogel monoliths is similar in both synthetic approaches. Am ild drying process, such as supercritical CO 2 drying, can be applied to avoid the shrinkage and collapseo ft he metal framework. Altogether, the gelation process is the crucial step for the preparation of multimetallic aerogelsa nd influences their final morphologya nd chemical composition strongly and thus their resulting mechanical, chemical, and (electro)catalytic properties.
The electrocatalytic properties of multimetallic materials differ significantly from those of the monometallic counterparts. The alteration of the activities is based largely on electronic effects, [5] ensemble effects, [6] and geometric effects [5b, 7] (based on the mismatch of lattice parameters). These effects rarely appear alone, and it is often difficult to distinguish between them. In most cases, it is even desired that synergetic effects between electronic and geometrice ffects based on the mixture of dissimilar atoms are present to furtheri mprovet he reactivity,s electivity, and durability of these multimetallic materials.R ecently,u nsupported Pd-Pt aerogelsp repared by the one-step gelation process have emerged as ap romising electrocatalyst for the oxygen reduction reaction( ORR; O 2 + +4H + + + +4e À !2H 2 O, E 0 = 1.23 V), whicht akes place at the cathodesideoffuel cells. [1b, d] Improvements of the catalytic activity and durability and reduced costs for this reaction may help to spread the worldwide applicationo ff uel cell systems. Here, we present ad istinctly different synthetic route for bimetallica erogelst han that published previously.T he bimetallic aerogelsp resented in this work werep repared by at wo-step gelation process. The BET surface areas of this class of unsupportedm etallica erogelsa re in the range of 60-80 m 2 g À1 ,a nd compared to other unsupported metallicm aterials, the aerogels clearlys how larger surface areas. [1d, e] The relationships betweenr eactivity and lifetime are correlated strongly with the structure and the chemical composition of these aerogels. High structural homogeneity and ad efined chemicalc ompositiona re needed, yet this can be ag reat challenge for macroscopic aerogelst hat form duringt he gelation process at ambient or low temperatures of 70-90 8C. This challenge, generally,i sf aced by all self-assembledn anostructured multimetallic materials such as nanowires, nanotubes, and nanoporous materials. Therefore, ab road range of high-resolution microscopica nd spectroscopict echniques is required to characterize these nanostructured materials on different length scales (which range from the ngstrom-scale to the macroscale). The combinationo fs everal techniques is essential to provide information about the structure and chemical composition of these unsupportedm ultimetallic materials over ab road length scale. In particular,i ti sd ifficult to analyze the Pd-Pt aerogel system by using XRD because of the similar lattice parameters and small crystallite sizes. Aw ell-known strategy to improvet he chemical homogeneity in nanostructured multimetallic materials is thermalt reatment at high temperatures.
[8] However,i nm ost cases,atypical side-effect is the loss of the nanostructure by agglomeration and the collapse of the fragile network structure which result in ad rastic decrease of the surface area.
In this work, we investigated the homogeneity and chemical distribution of the self-assembled Pd-Pt aerogels prepared by the two-step gelation process. Pure Pd, pure Pt, and Pd-Pt systems show af ace-centered cubic (fcc) crystal structure with as pace group of Fm3 m.A st he lattice parameters of pure Pt and Pd metals are very similar (3.8870 for Pd and 3.9250 for Pt obtained from the Inorganic CrystalS tructure Database (ICSD) [9] )a nd because of the presence of nano-sized domains, crystal-phase identification by using Rietveld refinement is not meaningful for these materials. Based on the combinedr esults from high-resolution (scanning) transmission microscopy energy-dispersive X-ray spectroscopy( HR(S)TEM-EDX)a nd extendedX -ray absorption fine structure (EXAFS)s pectroscopy, the distributions of the Pd and Pt atoms inside the aerogel framework prepared by the two-stepg elation process were revealed. We observed that the initial structureo ft he monometallic domains resisted an alloy formation. More specifically,P drich aerogels showed large monometallic domains that consist of Pd or Pt with sizes of af ew up to severalt ens of nanometers. The Pt-rich aerogel showed am ore uniform distribution of Pd and Pt atoms at the nano-and macro-scale. Based on the EXAFS results, only at the ngstrom-scale we did identify the arrangement of homometallic paired atoms that signify at endency for clustering of atoms. In addition, the electrochemicals tability of the Pd 80 Pt 20 aerogel was investigated by using in situ EXAFS.I nt his work, we provide for the first time in-depthi nsights into the structure and chemical distributions of the Pd-Pt aerogels prepared by the two-step gelation pro- ChemCatChem 2017, 9,798 -808 www.chemcatchem.org 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim cess and discusst he capability of these Pd-Pt aerogels for electrochemical applications.
Results and Discussion
Various architecturesofm ultimetallic aerogels In the case of the self-assembled bimetallic aerogelsp repared by the two-stepg elation process, three possible architectures can be formed:( i) nonalloyed, (ii)randomly disordered alloyed (solid solution), and (iii)segregated aerogeln anostructure (Figure 1 ). The initial nanoparticles are the respective building blocks of the nanochain segmentso ft he aerogel that result in the nonalloyed structure. If surfaced iffusion processes take place at the interfaces between the linked nanoparticles, the dissimilar atomsc an rearrange in this region to form alloyed or core-shell nanochain motifs. The question arises of if the interdiffusion process occurs at the interfaces between the neighboring monometallic platinum and palladium particles during the gelation and how the aerogel structure would change as ar esult of the high mobility of these dissimilar atoms.
High-resolution transmission electron microscopy
Representativet ransmission electron microscopy (TEM) images at low and high magnifications of the pristine Pd-Pt aerogelsillustratet he typical long-range 3D nanochain-like network structure (Figure 2 ). The high-magnification TEM images (Figure 2c and2 f) revealt hat the diameter of the nanochains varies slightly along their length. The mean diameter of the nanochains was (5.1 AE1.3) and (3.9 AE 1.1) nm for as-prepared Pd 80 Pt 20 and Pd 20 Pt 80 ,r espectively.W eo bserved as tronger aggregation of the particleso nly at the sections at which two or more nanochainsc ross.
The high resolution TEM micrographs of representative regions of the Pd-Pt aerogels that show single-crystalline domains with their lattice fringes embeddedi nt he nanochains are displayed in Figure S1 . Various orientationso ft he crystallites were observed and indicatet he polycrystallinity of the materials.The grain boundaries of the anchored nanoparticles signify no preferred growth direction, which would be expected, for example, for twin growth. We can conclude that the anchoring of nanoparticles was not influenced by the initial orientation of the nanoparticles during the coalescence process.
Bright-field scanningtransmission electron microscopy equipped with energy-dispersive X-ray spectroscopy Representative bright-field scanning transmission electron microscopy (BF-STEM)i mages andt he corresponding EDX maps of the pristine Pd-Pt aerogels are shown in Figure 3 . The average Pd/Pt atomicr atios established from these broad regions ( Figure 3a 2017, 9,798 -808 www.chemcatchem.org were mixed during the gelation process. We used X-ray photoelectron spectroscopy (XPS) to show that the oxidation states of Pd and Pt inside the aerogelsa re mainly metallic and only as mall content of oxidized Pd was found ( Figure S3 ). This suggests that the chemical compositiono ft he Pd-Pt aerogel networks can be tuned easily by the addition of the desired amount of colloidal metal nanoparticlesd uring the hydrogel synthesis.
Additional EDXm apping and EDX spot analysisw ith an electron beam spot size of 1.5 nm diameter were performed on both aerogelst oc larify the distribution of Pt andP da toms inside the nanostructure. In case of the pristine Pd 80 Pt 20 aerogel ( Figure 3b and c), ac omparison of the EDX maps of Pd and Pt shows that the Pt atoms are arranged in two different motifs. Pt atoms appear as Pt-rich clusters in the nanochains, and the residual Pt atoms are interfused with Pd atoms to form an alloy.B oth motifs (Pt-rich clusters and Pt alloys) are distributed randomly in this framework. To clarify the difference between the Pt-rich clusters andP ta lloys, we define clusters as areas with as trong enrichment of one metal (the fraction of the other metal is less than af ew at %), whereas Pt alloys are am ixture of two metals (the fraction of the other metal is larger than 10 at %). The dimensions of the randomly distributed Pt-rich clusters vary significantly from af ew up to severalt ens of nanometers. Additionally,t he regions in which am ixture of Pt and Pd was identified ranged from approximately af ew up to severalt ens of nanometers. It is evident that the Pt atoms are not distributed homogeneously over the entire metallic framework. It seems that Pd atoms are better distributed over largeregions of the nanochains.Consequently, as ar esult of the strong appearance of Pt clusters, the aerogel framework exhibited regions that consisted of almostp ure Pd. In other words, as fewer Pt atoms are available to form as olid solution with Pd, Pd atoms are also ordered in the form of Pdrich clusters. Finally,b ased on the appearance of large fraction of unalloyed material, the structure of the as-prepared Pd 80 Pt 20 aerogel looks similartot he postulated structure ( Figure 1a ).
Representative EDX maps obtained from the pristine Pd 20 Pt 80 aerogel are shown in Figure 3e and f. Ac omparison between the EDX maps for Pt and Pd shows am ore homogeneous distribution of both metals alongt he nanochains relative to that of the Pd 80 Pt 20 material. The presenceo fl arge Pt-rich or Pdrich clusters wasn ot observed at this magnification. It seems that the arrangemento fP ta nd Pd atoms is ar andomm ixture as postulated in Figure 1b for alloyed aerogels. Notably,t he local heterogeneity inside the single nanoparticles along the nanochains by the formation of small clusters of sub-nanometer sizes is very difficult to estimate from EDX maps because of the relatively low lateral resolution of this technique.
EDX spot measurements were conducted to establish the local chemical compositiono ft he unbranched and branched nanochains for the pristine Pd-Pt aerogels shown in Figure S2 ChemCatChem 2017, 9,798 -808 www.chemcatchem.org 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim the statistical probability,w hich describes what sort and how frequentlyi nitial monometallic nanoparticles collidea nd fuse to form an anochain in aqueous media. Further work is in progress to better understandt he observed clusters inside the Pd-Pt aerogels.
Ex situ EXAFS spectroscopy
EXAFS spectroscopy measurements were performed on the asprepared Pd-Pt aerogels to provide an insight into the degree of alloying. The k 2 -weighted EXAFS spectrao ft he Pd-Pt aerogels are plottedw ith those of the corresponding metal foils at the respective edges (Figure 4a,c ,a nd e) . The comparison shows that the k 2 -weighted EXAFS data of the Pd-Pt aerogels look similar to the datao ft he pure Pd or Pt foils. This suggests ac haracteristic monometallic behavior of Pt and Pd atoms inside the Pd-Pt aerogels.
The k )f or the pristine Pd-Pt aerogelsa re summarized in Ta ble 1. In the case of the Pd 80 Pt 20 aerogel, both the spectra at the Pt L 3 -edge and Pd K-edge were used for the multi-edge EXAFS fit analysis (Figure 4b and d) . Them ultiedge EXAFS fit analysis for the Pd 80 Pt 20 aerogel revealed that the peaks in the Fourier-transformed k 2 -weighted EXAFS spectra at the Pt L 3 -edge and Pd K-edge correspond to the scattering of pairs of PtÀPt andP d ÀPd atoms in the first shell, respectively,w ithout ad etectable contribution of heterometallic PtÀ Pd and PdÀPt bonds. Thus, the Pd 80 Pt 20 aerogels hows as trong monometallic behavior in the local coordination environment,w hichi ndicates the formationo fP d-rich and Pt-rich clusters within the aerogel framework. Similar multi-edge EXAFS fit resultsw ere obtained for the pristine Pd 50 Pt 50 aerogel.
[1k] In both Pd-Pt aerogels, the Pd-rich and Pt-rich clusters prevail over the features of Pd-Pt alloys.
As the sum of all partial coordination shellsc orresponds to the total coordinations hell of each metal, the values of the total coordination shell for Pd and Pt atoms are lower than that for the macroscopic (bulk) counterparts (N total = 12), which indicates that the aerogels exhibit nanoparticle-like characteristics. The values of the total coordination shell for the Pd and Pt atoms are similar, which signifies that the particle sizes of the pure Pt and Pd nanoparticles are almost equal. This observation is consistent with the resultso btained by using TEM 2 -weighted Fourier-transformed EXAFS spectra (black lines) andthe corresponding fits (red lines). ChemCatChem 2017, 9,798 -808 www.chemcatchem.org 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim within the nanochains at the few nanometer scale established by using STEM-EDX, the EXAFS results clearly revealed the homometallic pairing features at the ngstrom-scale. Consequently,w ec an conclude that Pd atoms are largely paired with Pd atoms in the first shell. Notably,the features of theh omoatomic pairing were only observed by using ngstrom-resolved EXAFS. At largel ength scales, both metals, Pd and Pt, show an even distribution over the whole aerogel structure.
In summary,d ifferent techniques were used in this work to identify the structure, chemical distribution,a nd homogeneity of the self-assembled Pd-Pt aerogels prepared by the two-step gelation process. The Pd-Pt aerogels that consist of afinite plurality of connected single nanoparticles showed ah ighly complex structure with regard to the homogeneity and chemical distribution. With this preparation method,t he coalescence of monometallic Pt and Pd nanoparticles leads to ac hemically heterogeneous structure, in whicht he original cluster motif dominates fully over alloyinga si llustrated in Figure 1a .T he presenceo fm onometallic domains inside the aerogel indicates that the diffusion kinetics of the Pd and Pt atoms at ambient and low temperatures are very slow.F urther studies are required to better understand the two-step gelation process, its reproducibility,a nd the interdiffusion kinetics for the Pd-Pt aerogel system.
Electrochemically active surface area measurements
We chose to determine the electrochemically active surface area (ECSA) of the Pd-Pt aerogels by using the CO stripping methoda st he typicalu nderpotentialh ydrogen deposition (H upd )m ethod is inappropriate for Pd-based materials because of the formation of absorbed hydrogen.
[14] The CO stripping profiles of both aerogelsi n0 .1 m HClO 4 are shown in Figure 5 . The large anodic current peak is associated with the electrochemicalo xidation of the adsorbed CO monolayer to water and CO 2 .T he potentials at the current maximaa re around 0.86 and 0.96 Vv ersust he reversible hydrogen electrode (RHE) for the Pd 20 Pt 80 and Pd 80 Pt 20 aerogels, respectively.W es uggest that the effects of the size of the nanochains are likely negligible as the average diameter of both aerogelsi ss imilar.T herefore, as hift of the CO-stripping peak is largely related to the chemicalc omposition of the surfacea nd subsurface. The observed broad and slightly irregular CO stripping peak is affected by the local variation of the surface composition of the bimetallicaerogels.
The mean valueso ft he ECSA were (66 AE 3) and (52 AE 8) m 2 g metal À1 for the Pd 20 Pt 80 and Pd 80 Pt 20 ,r espectively.T he resulting ECSA values are almost comparable to that of commercially available Pt nanoparticles supported on high-surface-area carbon. [13a, 15] As the ECSA values are similar to the BET values, it appears that al arge fractiono ft he surface of the bimetallica erogelsi sf ree from impurities. In principle, the total surfacea rea should be catalytically active for the electrochemical activation of small molecules such as oxygen. Therefore, we tested these aerogelsf or the electrocatalytic oxygen reduction reaction( ORR) in acidic media. Unfortunately,t he Pd-Pt aerogelsp reparedb yt he twostep gelation process showed ap oor catalytic performance (not shown). This poor reactivity wasl ikely correlated with the structurali nhomogeneity of these materials. Possible strategies to improve the distribution and hence the catalytic properties of thesea erogelsw ould be the modification of synthesis parameters (e.g.,b yc hangingt he temperature or using smaller nanoparticles) and/or thermal post-annealing. Figure 6 . Clearly,f or the Pd 80 Pt 20 aerogel (Figure 6a )t he CO stripping current peak decreased drastically and shifted to lower anodicp otentials with the increasing cycle number.T he shift of the CO strippingp eak is likely related to the surface enrichmento fP t in the aerogel by electrochemical dissolution of Pd and/orb y increaseo ft he particle size (e.g.,O stwald ripening). It is well known that with an increasing particle size the oxophility of the Pt particles decreases to result in as hift of the CO stripping current peak to higher anodicp otentials. [12] The electrochemically active surface area (SA) (not normalized to the used mass of aerogel) was estimated from the CO stripping peak and normalized to the initial SA value (beginning-of-life). The dependence of the normalized SA values on the cycle number is shown in Figure 6c and d. For the Pd 80 Pt 20 aerogel,t he SA decreased to below 20 %a fter 200 cycles between 0.5 and 1.5 Vv s. RHE, which resultsf rom the strong depletion of Pd. It is assumed that the drastic decrease of SA for the Pd 80 Pt 20 aerogel is caused by the high contento fP da sw ella st he strong heterogeneity observed by using STEM-EDX and EXAFS (Figures 3a nd 4) . In particular,r egions of the nanochainst hat contain ah igh Pd contentb ecame very unstable at high anodic potentials. It seems that during the backward scan most of the Pd ions in the electrolyte were not redeposited on the aerogel surface. The large error bars shown in Figure 6c were established from five independent rotating disc electrode (RDE) measurements. The relatively large error bars are likely related to the very rapid depletion of Pd in this potential range and the chemical heterogeneity of the aerogel. Altogether,the existence of large Pd-enriched regions mainly destabilized the entire aerogel network, whichm akes it unsuitable for fuel cell applications. To date, it is not clearh ow the electrochemical dissolution process of Pd occurs during the potentialc ycling. Severalstudies on polycrystalline Pd showedt hat in the anodic scan the Pd had already formed surfaceo xidesa tl ow potentials relative to the standard potential in acidic media. [16] The thickness of Pd oxide layers increased with the increasing upper potential, however,a th igh upper potentials the electrochemically preformed palladium oxide commencedt od issolve in the anodic scan. Nevertheless, most of the palladium oxide dissolved electrochemically in the backward scan before soluble Pd species could be reduced to metallicP d. Similar electrochemicaldissolution behavior was observed for Pt. The electrochemicald issolution mechanisms for macroscopic metal electrode surfaces have been studied comprehensively by many groups.
[17] They showedt hat the electrochemical dissolution rate of polycrystalline Pt is pronounced at the transition state between oxidation and reduction processes. For instance, if the Pt surfacei se lectrochemically oxidized by increasing the anodic potential (largert han 1.2 Vv s. RHE), the backward (cathodic) scan causes an acceleration of the dissolution process of an oxidized Pt surface. In contrast, during the anodic scan the dissolution rate of metallic Pt is almostn egligible. As Pd is lessn oble and thus exhibitsamore oxophilic behavior, we suggestt hat the electrochemical dissolution of Pd occurs much more easily than that of Pt.
The CO stripping profileso ft he Pd 20 Pt 80 aerogel after ac ertain number of cycles from 0.5 and 1.5 Vv s. RHE with 50 mV s À1 are shown in Figure 6b .T he shift of the CO stripping current peak to lower anodic potentialsw as very small. Only the comparison of the shape of the CO strippingc urrent peak exhibited as ignificant change before and after electrochemical cycling. After 100 cycles,t he CO stripping current peak becameclearly narrower,which indicates an improved distribution of the sizes of the nanochains or of the chemical surface composition inside the treated aerogel.T he dependence of the SA on the cycle number is shown in Figure 6d .N otably, the SA decreased only by 25 %. The unsupported Pd 20 Pt 80 aerogel exhibited ac onsiderable electrochemical durability.M any studies on carbon-supported Pt nanoparticles (Pt/C) showed al oss of ECSA of around 40-50 %u nder similarc onditions. [13a, e] The large loss of the ECSAf or Pt/C is associated with carbon corrosion,d issolution of small nanoparticles, and particle de- Figure 6 . a, b) CO-stripping CV profiles of Pd-Pt aerogels after a0,1 00, and 200 cycles between 0.5 and 1.5 Vvs. RHE at 50 mV s À1 in N 2 -saturated0 .1 m HClO 4 . The calculated loadings were in the range of 10-17 mgcm À2 (metal). c-d) Dependence of the lossoft he normalized SA lossont he cycle number induced by electrochemicalc ycling up to 1.5 Vv s. RHE. ChemCatChem 2017, 9,798 -808 www.chemcatchem.org tachment. The improved stability of the Pd 20 Pt 80 aerogel observed experimentally was largely caused by the higher content of Pt and the absence of ac arbon support material.
Structural stability of the Pd 80 Pt 20 aerogelprobed by using in situ electrochemical EXAFS As the Pd 80 Pt 20 aerogel showedt he largest alteration during the electrochemical cycling, in situ EXAFS studies were performed to better understand its aging. During the EXAFS measurements, the aerogel-coated workinge lectrode was under potentialc ontrol and was held at 0.5 Vv s. RHE.T hisp otential is in the electrochemical doublel ayer regime of both metals and decreases the electrochemical formation of oxygen-containing species on the aerogels urface. In other words, in the double layer regime, the surfaceo fb oth metals should mainly exist in the metallic state.
The in situ k 2 -weighted Fourier-transformed EXAFS spectra (black lines) and the correspondingb est fits (red lines) for the Pd 80 Pt 20 aerogel recorded at the Pd K-edge and by holdingt he potentialo f0 .5 Vv s. RHE after ac ertainn umber of cycle (0.5-1.5 Vv s. RHE) is shown in Figure 7a .T he best-fit parameters for the first shell of the treated Pd 80 Pt 20 aerogel are summarized in Table 2 . The behavior of the coordination numbersf or the Pd-Pd,P d-Pt, and Pd-M (M = Pt, Pd) pairs versust he cycle number is plotted in Figure 7c .
After the electrochemical cleaningp rocess (0.35-1.2 Vv s. RHE with 50 mV s
À1
,1 0cycles), we observed the presence of aP d-Pt scattering pair in the Pd 80 Pt 20 aerogel.A fter 10 potential cycles, N(Pd-Pt) is around (2.3 AE 1.0), whereas N(Pd-Pd) decreasedf rom (9.0 AE 0.7) to (7.1 AE1.0) (a change of around 23 %). Thee volution of Pd-Pt atom pairs is largely related to the rearrangemento ft he particle surface by electrochemical redissolution and the redepositiono fP ta nd Pd atoms from the electrolyte or by the surfaced iffusion of Pd and Pt atoms to form aP d-Pt alloy.G enerally, low coordination numbersa re largely associated with surfacea toms because of the absence of additional atoms compared to the corresponding atoms in the bulk. Ac omparison of N(Pd-Pt) and N(Pd-Pd) indicates that Pt atoms exist at the surface of the aerogel or that the Pd atoms preferred to deposit on Pt-rich clusters. Both processes can form an alloy at the surface or at the solid-solid interface. As Pt is more electrochemically stable than Pd, we suggest that the surface of the aerogel is enriched gradually with Pt. The gradual increaseo ft he amounto fP ta toms on the surface and subsurface was also inferred from the resultso ft he CO stripping experiments (Figure 6a) . The graduala ccumulation of Pt atoms at the surface mayp rotect the residual Pd atoms from furtherelectrochemical dissolution.
The change of the total coordination number,w hich can be estimated from the sum of N(Pd-Pt) and N(Pd-Pd), duringt he experiment (Figure 7c) . N(Pd-M) was almost stable over the potentialc ycling test protocol (before anda fter 200 cycles), and the total coordination numbersd id not change within the experimental uncertainties, (9.3 AE 0.7) and (9.6 AE 1.2), respectively,w hich indicatest hat the diameter size of the nanochains seemst ob ealmost unchanged.N otably,achange of the total coordination number of the adsorbing Pd atom would drastically affect the particle size. Figure 7d visualizes the structural changes of the Pd-rich aerogel by the dissolution of Pd and enrichmento fP ti nduced by electrochemical cycling. We want to emphasize that these in situ EXAFS results involveo nly information about the local structural changes of Pd atoms inside the Pd 80 Pt 20 aerogel during the aging process. The observed features for the Pd-rich aerogelc onstitute only ag limpse of the structurald urability induced by electrochemical cycling. Nevertheless, the in situ EXAFS resultsp rovide new insights into the electrochemical aging process of the new Pd-rich aerogel.
Conclusions
We investigated comprehensively the structure and chemicalc omposition of Pd 80 Pt 20 and Pd 20 Pt 80 aerogels prepared by at wo-step gelation process. We used extended X-ray absorption fine structure (EXAFS) spectroscopy and (scanning) transmission electron microscopy with energy-dispersive X-ray spectroscopy (STEM-EDX) to identify the final structure and chemical distribution for both aerogelsa t different length scales. It was evident that the Pd/Ptrich clusters that originate from the initial nanoparticles prevail over the alloy formation.T he size of the monometallic domains varied strongly betweent he Pd-Pt aerogels. For instance, the Pd-richa erogel showedastronger chemical heterogeneity because In addition, the CO stripping experiments revealed that the electrochemically active surfacea reas of the PdÀPt aerogels are similar to the BET surfacea reas evaluated by using physisorption, which shows that the aerogel surfaces were free of impurities, such as organic ligands, and showed ah igh accessibility for the electrocatalytic conversion of smallm olecules. However,t oi mprovet he electrocatalytic performance, ab etter homogeneity and chemical distribution of the bimetallic aerogel are still necessary.
The accelerated degradation test protocol showedt hat, in particular, Pd-rich clusters inside the Pd 80 Pt 20 aerogel strongly suffered during the electrochemical cycling. Significant changes of thes tructure and chemical composition induced by electrochemical cycling were monitored in situ by using EXAFS and CO stripping experiments. Thereby,t he Pd-rich aerogels showedalower electrochemical stabilityt han the Pt-rich aerogels. The pronounced aging process of the Pd-rich aerogels is based on the successive electrochemical dissolution of Pd, in particular the strong depletion of Pd from the Pd-rich clusters.T oincrease the robustness of Pd-richaerogels,the surface and subsurface structure and composition need to be homogeneous and uniform.
The homogeneity of an aerogel is important to stabilize the long-range network structure. In particular,r egions with ah igherc ontent of al ess noble metal can be dissolved easily under electrochemical conditions, and hence the aerogel displays so-called "weak spots" at which the electrochemical degradationp rocess takes place drastically.T herefore, the control of the structure andc hemical distribution of the dissimilar metal atoms insidet he short-range of the nanochains as well as inside the long-range of the aerogel framework during the two-step gelationp rocess is crucial.
Experimental Section
Gelation and formation of various bimetallic Pt-Pd aerogels Aqueous colloidal solutions of monometallic Pt and Pd nanoparticles were prepared separately (Supporting Information). We used H 2 PtCl 6 ·6 H 2 O( ! 99.95 %, Sigma Aldrich) and PdCl 2 (99.999 %S igma Aldrich) as precursor salts. The atomic ratio of Pd/Pt was varied between 4:1a nd 1:4, and the gel formation took place at 348 Ka nd was stopped after 5a nd 10 h, respectively,w hen the supernatant above the hydrogel became ac lear solution. The transformation of the hydrogel to solid aerogel without as ignificant loss of porosity was performed by using as upercritical dryer with liquid CO 2 (13200J-AB, SPI Supplies). After drying, the Pd-Pt aerogels appeared as black monoliths and were stored at RT in air.
HR(S)TEM-EDX
The TEM measurements were performed by using aZ EISS LIBRA 200 microscope. The microscope was operated at an acceleration voltage of 200 kV.T he TEM images were acquired by using iTEM Software. The samples were prepared by dispersing the aerogels in methanol. The aerogel dispersion was dropped onto ac opper grid coated with at hin Formvar-carbon film and dried at RT in air.T he mean diameters of the nanochains of the Pt-Pd aerogels were established by using iTEM 5.2 Software (Olympus Soft Imaging Solutions GmbH).
HR(S)TEM-EDX investigations were performed by using aJ EOL JEM2100F.T he acceleration voltage of the microscope was 200 kV. The EDX maps of Pd and Pt in the aerogels were measured and analyzed by using the Oxford INCA Energy TEM250 Software. For the EDX mapping, the characteristic energy intensities of the L a -line for Pd and for Pt were evaluated, respectively.E DX spot measurements were performed with an electron beam spot size of 1.5 nm 
EXAFS spectroscopy
EXAFS spectroscopy was performed by using the X10DA (Super-XAS) beamline at the Swiss Light Source (SLS). The storage ring was operated at ab eam current of 400 mA and at 2.4 GeV.E XAFS spectra were recorded at the Pt L 3 -a nd Pd K-edges for Pd-Pt aerogels in transmission mode. Incident (I 0 )a nd transmitted (I 1 and I 2 ) X-rays were detected by ionization chambers filled with Ar for the Pd K-edge measurements. The lengths of the ionization chambers for the incident and transmitted X-rays were 15 and 30 cm, respectively.S imilar ionization chambers were used for the Pt L 3 -edge measurements, however,t he ionization chambers were filled with N 2 .E XAFS data reduction and analysis was performed by using IFEFFIT. [9] Preliminary data processing included background subtraction and edge-step normalization. The energy axis [eV] was converted to photoelectron wave number k units [ À1 ]b ya ssigning the origin, E 0 ,t ot he first inflection point of the absorption edge. The resulting c(k)f unctions were weighted with k 2 to compensate for the dampening of the XAFS amplitude with increasing k and were, subsequently,F ourier-transformed to obtain pseudoradial structure functions (RSFs). The fitting of the experimental data was done by using an onlinear least squares LevenbergMarquardt method.
Ex situ EXAFS spectroscopy
Solid aerogel samples were prepared as pellets by using cellulose as ab inder.T he EXAFS spectra of the Pt and Pd absorption edges were then analyzed concurrently by applying several constraints between fitting parameters. In the fits, the interatomic distances (R)a nd the mean square disorder parameters (s 2 )o ft he heterometallic bonds Pt-Pd and Pd-Pt (as measured from the Pt and Pd absorber perspectives, respectively) were constrained to be equal to each other.Pure Pt and Pd foils were used as reference to establish the amplitude reduction factors for Pd and Pt. By fitting the bulk metals that possess af cc structure, the coordination number of the first nearest neighbor (PtÀPt or PdÀPd) bonds were fixed at 12, and the amplitude reduction factors (S 0 2 )f or Pd and Pt were varied. The final S 0 2 values obtained were 0.83 and 0.91 for Pt and Pd, respectively,a nd were then fixed to these values in the fits of the aerogel EXAFS data. For that, the theoretical scattering paths of all pairs (Pt-Pt, Pt-Pd, Pd-Pt, and Pd-Pd) were calculated using the fcc structure in which some atoms in the nearest-neighbor positions were replaced with the other metal.
In situ electrochemical EXAFS spectroscopy
Ah ome-made spectroelectrochemical PEEK cell with Kapton windows and three electrodes was employed to investigate the changes of the aerogel structures in an electrochemical environment. Ag old wire and am ercury-mercury sulfate (MMS) electrode were used as the counter and reference electrode, respectively. 0.1 m HClO 4 was used as the electrolyte solution. For the preparation of the working electrode (WE), ad ispersion that consisted of an aerogel/water/iso-propanol/Nafion mixture (described below) was dropped onto ac arbon paper and dried at around 40 8Ci nair. The calculated metal loading was around 100 mgcm À2 (geometric). Before the EXAFS spectroscopy commenced, an electrochemical pretreatment of the WE was performed to remove any impurities and oxygen-containing surface species from the aerogel film and/ or carbon paper.T he WE was pretreated electrochemically in ap otential range of 0.35-1.20 Vv s. RHE at as can rate of 50 mV s À1 in 0.1 m HClO 4 .A fterwards, the WE was assembled into the cell. The WE was cycled electrochemically in the range of 0.5-1.5 Vv s. RHE at as can rate of 50 mV s À1 .D uring the run, after 50, 100, and 200 potential cycles, in situ EXAFS spectra (three scans) were recorded from the aerogel samples at ac onstant potential of 0.5 Vv s. RHE.
Electrochemical characterizationb yu sing the thin-film RDE technique

Preparation of the working electrode
The aerogel (1-2 mg) was added to a5.00 mL solution that consisted of water (3.98 mL), iso-propanol (1.00 mL), and Nafion (20 mLo f 5wt% Nafion solution). After horn-sonication (Hielscher UP200 H, Germany) for 30 min, 10 mLo ft he dispersion was pipetted onto the pre-cleaned and mirror-like surface of ag lassy carbon (GC) electrode (with an outer diameter of 5mm) embedded in Te flon (supplied by PINE, USA). The coated electrode was dried for 20-25 min at 40 8Ci na ir to result in at hin homogenous film. The calculated total metal loading of the WE was 10-20 mg metal cm À2 (geometric). The GC electrode was polished with 0.3 and 0.05 mmA l 2 O 3 suspension on Microcloth polishing paper (supplied by Prüfma-schine AG, Switzerland).
Electrochemical cyclic voltammetry experiments
All electrochemical measurements were performed by using ah ome-made three-compartment electrochemical glass cell by using the thin-film RDE technique.
[10] The cell was equipped with ar otator (supplied by PINE, USA) and ap otentiostat (Biologic, France). The electrochemical glass cell was cleaned in a" piranha" solution (a mixture of 3/4 H 2 SO 4 (96-98 %) and 1/4 H 2 O 2 (30 %)) overnight and then washed with purified water (18.2 MW cm at RT) several times. At hree-electrode configuration was used that consisted of ag old wire as the counter electrode, aM MS electrode (supplied by Biologic, France) or Hydroflex (supplied by Gaskatel, Germany) as the reference electrode, and the aerogel-coated thinfilm GC electrode as the WE. The reference electrode was held in place by aL uggin-Haber capillary,a nd the opening of the capillary was positioned below the center of the WE at ad istance of around 3mm. The 0.1 m HClO 4 electrolyte solution was freshly prepared by dilution of a7 0% suprapure HClO 4 (supplied by VWR). The quality of N 2 and CO (supplied by Messer) was 5.0 and 4.5, respectively.
Determination of the ECSA by using the CO-stripping method
The WE was immersed into the electrolyte solution (0.1 m HClO 4 ) under potential control and with ar otation speed of 1600 rpm. The potential of the WE was held at 0.1 Vvs. RHE during saturation with CO and N 2 .T he CO gas was bubbled through the frits into the electrolyte for 8min. Then, the electrolyte was saturated with N 2 for 25 min to remove the excess dissolved CO from the electrolyte. Afterwards, three cyclic voltammogram (CV) profiles were recorded with as can rate of 50 mV s À1 between 0.35 and 1.2 Vv s. RHE.
For the determination of the ECSA, the first CV profile showing the oxidation peak of the adsorbed CO monolayer was subtracted from the second CV profile to take into account the adsorption of anions (OH À ,C lO 4 À )o nt he aerogel surface between 0.4 and 1.2 V ChemCatChem 2017, 9,798 -808 www.chemcatchem.org vs. RHE. The ECSA was estimated by using the CO stripping peak by assuming acharge of 415 mCcm real À2 for aPd 50 Pt 50 system to oxidize one CO monolayer.T he pseudocapacities for the Pd-Pt aerogels were weighted from the values of pure Pt (420 mCcm À2 ) [11] and Pd (410 mCcm À2 ) [12] surfaces, respectively.A ll potentials are reported with respect to the RHE.
Electrochemical degradation measurements
An accelerated electrochemical degradation experiment was performed on the aerogels to investigate their electrochemical durability under harsh conditions. Potential cycling between 0.5 and 1.5 Vv s. RHE is often applied to examine the electrochemical resistance of metal nanoparticles and support materials for fuel cell applications. [13] The CV profiles were recorded between 0.5 and 1.5 Vv s. RHE at as can rate of 50 mV s À1 in N 2 -saturated 0.1 m HClO 4 .A fter 100 and 200 potential cycles, the ECSA was determined by using the CO-stripping method. In between, the electrolyte was removed and refilled with af resh 0.1 m HClO 4 to eliminate any impurities that could be formed during the potential cycling up to 1.5 Vv s. RHE (e.g.,the decomposition of the electrolyte).
